Summary.
The fate of India ink particles and polystyrene latex beads injected into the dermis and subcutis of the skin of the auricle and back in mice was observed with the naked eye, light microscopy and electron microscopy.
The tattoo patterns made by injected ink particles remained essentially unchanged for life as observed with the naked eye. India ink particles and latex beads were endocytosed by fibroblasts as well as macrophages in the dermis and subcutis. Numerous ink particles or small latex beads (0.22um in diameter) were packed into vacuoles 0. 1-10.0pm in diameter which occupied a large volume of the cytoplasm of the cell body and processes of fibroblasts, whereas numerous particles and larger beads (0.22 and 2.0um) were taken up into the cell body of macrophages in the vicinity. Most fibroblasts, characterized by long cell processes and well developed rough endoplasmic reticulum, are easily distinguished from macrophages, the latter being round or oval in shape, and having many lysosomes and numerous irregularly shaped microvillous projections. It is believed that fibroblasts taking up and storing the ink particles or latex beads move poorly and are almost fixed in the connective tissue: the tattoos therefore do not change markedly.
It is emphasized that the uptake and long-term storage of ink particles and latex beads by the dermal and subcutaneous fibroblasts represent a specific non-inflammatory defense mechanism that protects the living body, without immune reactions, against injuries and invasions by non-toxic foreign agencies. The histiocyte, a term proposed by KIY0N0 (1914) for a fixed macrophage on the basis of his studies using vital dye staining, is considered to include, in addition to true macrophages, fibroblasts showing endocytotic activities for small foreign bodies such as acid dyes, ink particles, and latex beads.
Ever since the mononuclear phagocyte system was proposed by VAN FURTH and COHN (1968) and VAN FURTH (1970) , every connective tissue cell capable of uptaking foreign materials has been regarded as a macrophage derived from a monocyte. However, FUJITA et al. (1987) reported that corneal fibroblasts display a strong uptake activity of injected India ink particles and small latex beads. It is well known that tattoos in the skin remain unchanged for life, and that cells taking up the tattoo colors and India ink injected in the skin do not likely move for a long time.
In 1914, KIMONO coined the term "histiocyte" for fixed phagocytes, based on a study using the vital staining of acid dyes; his director ASCHOFF (1924) also advocated the concept of the reticuloendothelial system as a phagocytotic cell system, based on data using the same method. The category of reticuloendothelial system included reticulum cells and endothelial cells of the reticular tissues such as the lymph node, spleen, bone marrow, hepatic sinusoid and others, in addition to macrophages.
In their day, reticulum cells and characteristic endothelial cells showing positive reaction to the vital dye staining were considered to transform to macrophages with active phagocytic activities.
Through transmission as well as scanning electron microscopy, it has become clear that both the reticu-*This study was supported by grants from the Ministry of Education, Science and Culture, Japan lum and endothelial cells are quite different from the macrophages in morphology as well as in function (T. FUJITA, 1974 , 1978 : T. FUJITA and KASHIMURA, 1981 MOTTA, 1975; MUTO, 1975 MUTO, , 1976 TAMARU and FUJITA, 1978, etc.) in many kinds of reticular tissues. The macrophages are now believed to be able to move easily and to be actively involved in immunological reactions. From the historical viewpoint, it is difficult to understand that all the fixed cells capable of taking up tattoo colors and India ink in the skin connective tissue might be macrophages.
The present study was planned to clarify the kinds of cells in the skin that show an uptake activity of small foreign materials such as India ink particles and latex beads, and to discuss the concept of histiocytes. In addition, the authors wish to propose a concept of non-inflammatory defense reaction by fibroblasts to non-toxic foreign materials which are difficult to exclude from the body.
MATERIALS AND METHODS
Seventy-eight young adult ddY mice were used for this study. 1) Twenty-six animals were tattooed with India ink into the dermis and subcutis of the skin of the back and auricle by use of 27 G needles to make certain letters or line tattoos. 2) Twenty-six animals were injected with latex beads 0.22 or 2.0um in diameter into the dermis and subcutis of the back and auricle by use of 27 G needles. 3) Twenty-six animals were injected with a mixture of India ink and latex beads 0.22 or 2.0um in diameter into the dermis and subcutis of the skin.
Animals in each group were sacrificed and their treated skin regions were removed 2.5 h, 1, 2 and 3 days, 1, 2 and 3 weeks, 1, 2, 3, 6, 7 and 9 months after the injections. Soon after the injection of India ink, and then several months later just before sacrifice, the letters or line tattoos of India ink were photographed for observation and comparison with the naked eye.
All the materials were cut into small pieces and immeresed in 2.5% glutaraldehyde solution buffered at pH 7.4 with 0.1 M Millonigs phosphate. All the specimens were fixed in 2.5% glutaraldehyde solution as mentioned above for 4 h at 4C and postfixed in a 1% OsO solution buffered at pH 7.4 for 2h. After en bloc staining with aqueous 3% uranyl acetate, the tissues were embedded in Epon. Ultrathin sections doubly stained with uranyl acetate solution and lead citrate were examined in a Hitachi H-500 or a JEOL 1200 EX electron microscope. Sections 1-2um thick from all the materials were stained with toluidine blue, and examined with the light microscope.
In addition to these, the endocytotic activity of cultured fibroblasts and macrophages was observed. Fibroblasts isolated from the skin of the back of mice were cultured in Eagles MEM containing 15 mM HEPES, 10% fetal calf serum and penicillin in 35 mm plastic dish (Falcon) at 3TC in an atmosphere of 95% air-5% CO2. During a 7-day period, the fibroblasts formed a subconfluent monolayer sheet. India ink and latex beads (0.22 and 2.0um) were added into the Eagles MEM in the culture dish for 4 days.
Macrophages obtained from the peritoneal cavity were incubated in the same medium as mentioned above at 37C in an atmosphere of 95% air-5% CO2. During the 7 days, a subconfluent monolayer of macrophages was formed. India ink and latex beads of 0.22 and 2.0um were added into the medium for 4 days. Both fibroblasts and macrophages were fixed, stained, and embedded by the same methods mentioned above, and the ultrathin sections were examined by electron microscope.
OBSERVATIONS
With the naked eye, the shape and size of the letters or line tattoos made by the injection of India ink remained almost unchanged for at least 9 months. The dermis of both the back and auricle skin belongs to the category of dense fibrous connective tissue consisting mainly of densely packed collagen fibrils with many fibroblasts localized among them. In addition, various kinds of connective tissue cells, nerve fibers, blood vessels, and sebaceous and sweat glands are distributed in this tissue. Under the dermis is a subcutis corresponding to the loose connective tissue. For 1-3 days ink particles or latex beads injected were mostly localized as large or small masses among the collagen fibrils and near the connective tissue cells.
One or two days after injection, pinocytotic features began to appear in some fibroblasts. The fibroblast can be identified easily by its long cell processes, irregularly shaped nucleus, relatively well developed rough endoplasmic reticulum and Golgi apparatus, very few lysosomes, and its localization intimately related to densely packed collagen fibrils. India ink particles or latex beads were sometimes in contact with the cell body and cell processes of this cell type, and one or a few ink particles or beads 0.22um in diameter were seen in coated pits, 0.1-0.5um in diameter. The endosomes, 0.1-1um in diameter, containing some ink particles or latex beads of 0.22um diameter markedly increased with time after injection.
In fibroblasts 1 to 9 months after the injection, many small or large vacuoles 0.5-10um in diameter filled with numerous ink particles or latex beads of 0.22um accumulated in the cytoplasm of the cell Fig. 4 . A macrophage 2 weeks after injection of India ink into the subcutis of skin of the back. Note microvillous processes and many cytoplasmic vacuoles containing numerous ink particles. X15,000 body and processes. Large latex beads 2.0 um in diameter were only rarely recognized in the vacuoles. Even in fibroblasts having numerous vacuoles filled with these foreign materials injected, lysosomes were difficult to recognize, while elements of rough endoplasmic reticulum and Golgi apparatus could be seen in the scanty cytoplasm among the vacuoles.
Similar findings were obtained in the cultured fibro- with the fibroblasts. These were round or oval in shape, characterized by numerous pleomorphic microvillus-like cytoplasmic projections, and many lysosomes, thus resembling in morphology the macrophages in the peritoneal cavity. These cells were easily distinguished from the fibroblasts mentioned above. They took up numerous ink particles and large and small latex beads by pinocytosis as well as phagocytosis.
Many vacuoles 0.5-10um in diameter, filled with numerous particles, accumulated in the cytoplasm of the macrophage in a similar manner as in the fibroblast, though the population density of the vacuoles containing these foreign bodies was markedly higher in the macrophage. These macrophages filled with vacuoles containing a number of ink particles or latex beads could sometimes be recognized in the dermis and subcutis of the animals until at least 9 months after injection, though they are very few in number. Large latex beads 2.0ym in diameter were usually seen in the vacuoles in this cell type, if injected. In the macrophage, dense granules or dense bodies suggesting lysosomes were usually localized in or around the phagosomes containing a number of ink particles and latex beads, and some vacuoles were higher in electron density as compared with those in the fibroblast.
Inflammatory reactions such as the accumulation of leucocytes and lymphocytes were not observed in the tattooed region of the dermis and subcutis in any of the animals examined in this study.
DISCUSSION
With the present paper, it becomes clear that, by pinocytosis, cutaneous fibroblasts can take up numerous injected, small foreign materials such as India ink particles and latex beads 0.22um in diameter; and that endocytotic vesicles fuse with one another to become larger vacuoles containing numerous particles and beads. The fibroblasts containing numerous ink particles and latex beads are not considered to move very extensively in the connective tissue of the skin; they store the particles for a long time, in fact, probably for life as those in the cornea reported by FujITA et al. (1987) . The turnover of these cells is considered to be very slow, and by mitosis, the endocytosed materials might be transferred to daughter fibroblasts which do not actively move. This might be the reason why tattoos made by injected ink particles are almost unchanged in shape for life.
MOLLENDORFF (1926) reported that the fibroblast is stained vitally by acid dyes. SEKI (1942 SEKI ( , 1954 and his student ARATA (1943) , who considered the possibility that fibroblasts could transform to macrophages, proposed the term "fibro-histiocyte system" (fibrohistiozytares System). These findings imply that endocytotic activity occurs in fibroblasts. Recently the endocytotic activity of cultured fibroblasts has been noted by many investigators (OVERMAN, 1961; GRIN -NELL, 1980; TRIPATHI and TRIPATHI, 1982; ADLER-STORTHZ et al., 1983; MCABEE and GRINNELL, 1983; FuJITA et al., 1987) . By scanning as well as transmission electron microscopy, morphological and functional differences between macrophages and reticuloendothelial cells in some reticular tissues have been clarified by T. FujITA (1974 , 1978 ), T. FujITA and KASHIMURA (1981 ), MOTTA (1975 , MUTO (1975 MUTO ( , 1976 , TAMARU and FujITA (1978) , and other authors. Previously, we confirmed that repeated stimulation by foreign erythrocytes did not cause any transformation of endothelial cells to Kupffer cells or hepatic macrophages (TAMARU and FuJITA, 1978) . It is also accepted now that small particles such as acid dyes, India ink and small latex beads are endocytosed into not only macrophages by phagocytosis and pinocytosis, but also reticulum cells and fibroblasts by pinocytosis, while large materials such as bacteria, erythrocytes, and large latex beads are phagocytosed only by macrophages (T. FUJITA, 1978; TAMARU and FUJITA, 1978) . In addition, PICTET et al. (1969) considered that the reticular cells in the reticulo-endothelial system are varieties of fibroblasts and fibrocytes.
Though the present authors deny the transformation of fibroblasts to macrophages because of clear Fig. 6 . Two latex beads (0.22um) enclosed by a vacuole in the fibroblast 3 days after injection into the dermis. x160,000 differences in structure and the lack of intermediate forms, it is a fact that small particles such as acid dyes, ink particles and latex beads can be taken up by fibroblasts, in addition to macrophages. The histiocyte, which was proposed by KIYONO (1914) as a "fixed macrophage" on the basis of his observations using vital staining with acid dyes and India ink, has been shown by the present study to include both the macrophage and the fibroblast in the dermis and subcutis. The histiocytes further include the reticuloendothelial cells (ASCHOFF, 1924) , which also take up acid dyes and India ink. Both reticular and endothelial cells clearly differ from macrophages. The reticular cells are included in the category of fibroblasts.
It is most probable that KIYONO (1914) erroneously identified fibroblasts vitally stained with acid dyes with fixed macrophages. Acid dyes, India ink, and small latex beads are not suitable for detecting the phogocytotic activity of macrophages, because they are taken up by fibroblasts and many other kinds of cells by pinocytosis. Though large foreign materials such as bacteria, erythrocytes and large latex beads are phagocytosed by macrophages, small particles of India ink, acid dyes, and small latex beads are endocytosed by both macrophages and fibroblasts. It seems worthwhile to note that the fibro-histiocyte system of SEKI is also a concept based on the results of vital staining with acid dyes. The present authors consider that the name of histiocyte may remain only as from historical interest, and should not be used in current terminology in histology, because it will cause only confusion and misunderstandings.
As indicated by Fu1ITA et al. (1987) in corneal fibroblasts, the uptake of indigestible and non-toxic materials by fibroblasts in the dermis and subcutis presumably protects the skin from injury or harm in the absence of as inflammatory response. This is considered to be a certain non-inflammatory defense mecha- 
